This study reports the behaviour of SCILL based catalysts in the oxidative S-S coupling of aliphatic and aromatic thiols, namely 1-butanethiol and thiophenol, to dibutyl disulfide and diphenyl disulfide. A range of ionic liquids (1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, 1-ethyl-3-methylimidazolium bis (trifluoromethylsulfonyl) imide, 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide) and metal supported catalysts (5% Pt/SiO 2 ; 5% Ru/SiO 2 ; 5% Ru/C; 5% Pt/OMS-2) were used to prepare the SCILL catalysts and all were found to be active for the reaction following the trend 5% Pt-OMS-2 > 5% Pt/SiO 2 > 5% Ru/C > 5% Ru/SiO 2 . The presence of SCILL catalysts afforded high selectivity to the disulfide, and the activity of the SCILL catalyst was dependent on the ionic liquid used. A significant increase in the stability of all the supported metal catalysts was found in the presence of the ionic liquid, and there was no change in the selectivity towards disulfides. This demonstrated that the ionic liquids protect the active sites of the catalyst against sulfation, thus providing more stable and active catalysts.
Impact of SCILL catalysts for the S-S coupling of thiols to disulfides † Introduction
Disulde bonds play an important role in the folding and stability of many proteins. [1] [2] [3] [4] For example, S-S bonds are formed following the oxidative folding process between the thiol groups of cysteine, which can also hold different subunits of larger protein complexes together such as antibodies. 5 These are also found in keratin in hair. 6 In the rening of crude oil, oxidative desulfurization (ODS) of thiols forms the corresponding disuldes 7 which then undergo further oxidation to thiosulnates, disulfoxides, sulnyl sulfones or disulfones.
Disuldes are also used as vulcanizing agents for rubber 8 and elastomers, 9 in drugs, 10 and in the design of rechargeable lithium batteries, 11 for example. Traditionally, disuldes are produced through the oxidation of thiols in the presence of homogeneous catalysts including tributylammonium chlorochromate, 12 metal phthalocyanines, 13 cobalt(II) phthalocyanine tetrasodium sulfonate attached to poly(vinylamine), 14 porphyrazinatocobalt(II) complex 15 and iron(III)-ethylenediaminetetraacetic acid. 16 These reactions are commonly performed in the presence of environmentally unfriendly oxidising agents such as sodium perborate, 17 nitric oxide or nitrogen dioxide, 18 permanganate, 19 ammonium persulfate 20 or haloacid/dimethyl sulfoxide. 21 Industrially, the thiols are converted in aqueous caustic soda in order to increase their reactivity to dioxygen facilitating the use of air as the oxidant. 22 However, the use of homogeneous catalysts coupled with these oxidizing agents has a number of disadvantages including catalyst separation issues, over-oxidation of the disulphide or thiol to sulfoxides, long reaction times, heavy metal contamination, toxicity and high cost. The use of a heterogeneous catalyst system has the potential to circumvent these challenges leading to more environmentally friendly processes.
To 33 have all been examined. Ionic liquids have some advantages over organic solvents in oxidations including non-ammability and the capacity to dissolve in various organic, inorganic and organometallic compounds. Another advantage of these solvents is that they facilitate the synthesis of highly polar inorganic raw materials under ambient conditions or under anhydrous conditions with low levels of water. In this way, the formation of metal oxy-hydroxides or hydrates can be suppressed. Ionic liquids also provide a medium where nanometallic catalysts may be activated. 34 More recently, three concepts allowed processes to ameliorate bi-and tri-phasic reactions. The Supported Ionic Liquid Phase (SILP) [35] [36] [37] [38] concept consists of a metal complex dissolved in a thin IL layer that is immobilized on an inert support material. SILP catalyst systems combine the benets of homogeneous catalysts such as high activity and selectivity with stability and easy separation of product and catalyst. The second concept (Supported Ionic Liquid Catalyst (SILC)) refers to the anchoring of an ionic liquid on the surface of a support via a covalent bond. 39 The third is dened as Solid Catalyst with an Ionic Liquid Layer (SCILL) and consists of a heterogeneous catalyst that is coated by a thin layer of an ionic liquid. This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
This paper reports on the preparation of several SCILL catalysts, where the ionic liquids contain the same anion (bis(triuoromethylsulfonyl)imide) and a range of cations (1-butyl-3-methylimidazolium, 1-ethyl-3-methylimidazolium, 1-butyl-1-methylpyrrolidinium) and are deposited onto active solids: 5 wt% Pt/SiO 2 , 5 wt% Ru/SiO 2 , 5 wt% Ru/C, 5 wt% Pt/OMS-2. These new catalysts were investigated in the aerobic oxidative coupling of 1-butanethiol and thiophenol to dibutyl disulde and diphenyl disulde, respectively, under mild temperatures and pressures using air as the oxidation source.
Experimental
All the organic reagents were commercial products of analytical purity and were used without further purication. 41 1-Butanethiol (99%) and thiophenol ($99%) were purchased from Sigma-Aldrich.
Catalysts preparation
All the ionic liquids were prepared following standard procedures from the bromide salt of the parent cation. 42 The ionic liquids were dried for 24 h under temperature and vacuum (333.15 K, 0.02 mbar). The resulting ionic liquids were characterized using 13 The SCILLs were prepared by mixing a solution of the ionic liquid in dichloromethane (1 : 3 vol/vol ratio) with each catalyst using a 1 : 1 (w/w) ratio of IL to catalyst. The SCILL suspension was stirred for 2 h followed by solvent removal under vacuum and drying for 24 h under temperature and vacuum (333.15 K, 0.02 mbar).
Catalytic tests
S-S coupling of thiols to disuldes, Scheme 1, was performed in a glass batch reactor equipped with a condenser system. Typically, 0.09 mmol of thiol (1-butanethiol or thiophenol) was stirred at 600 rpm with 10 cm 3 of cyclohexane (the This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
nonpolar solvent) and heated in a silicon oil bath to the reux temperature. Once the reaction temperature was stabilized, the catalysts (0.18 g SCILL: 0.09 g pure ionic liquid and 0.09 g supported metal catalysts) were added and the reaction started. In order to follow the progress of the reaction, aliquots of 0.5 cm 3 were periodically removed from the reactor, ltered and analyzed by GC-MS and GC where the retention times of the peaks were compared against authentic samples obtained from Aldrich.
Catalyst recycling
Aer the reactions, the catalysts were removed by ltration, washed 3 times with 10 cm 3 of cyclohexane followed by drying for 1 h at 80 C. Then, they were reintroduced in the glass batch reactor aer the reaction temperature had reached reux conditions.
Characterization techniques
1 H NMR spectra were recorded on a Bruker UltraShield 500 MHz spectrometer. Powder X-ray diffraction patterns were recorded with a Shimadzu XRD 7000 diffractometer using Cu K a radiation (l ¼ 1.5418Å, 40 kV, 40 mA) at a scanning speed of 0.10 min À1 in the 5-80 2q range. The leaching of metals from the catalyst was monitored by induced coupled plasma analysis on an Agilent Technologies 715 ICP-OES apparatus. XPS analysis was carried out using Kratos AXIS Ultra DLD apparatus equipped with a monochromated Al K a X-ray source, a charge neutralizer and a hemispherical electron energy analyzer with a pass energy of 160 eV. Background subtraction was performed using a Shirley background, and CasaXPS soware was employed to treat the data. The XPS was referenced to the aliphatic C 1s feature at 284.8 eV.
Results and discussion
Following deposition onto the catalyst surfaces, the ionic liquids (ILs) showed no discernible changes in the NMR spectra, Fig. SI7 41 or the C 1s features compared with the pure ionic liquid.
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The XRD patterns of OMS-2 and 5 wt% Pt/OMS-2 present only the lines assigned to the support (Fig. 1) , which are characteristic of 2 Â 2 tunnel structure manganese oxide phases with a chemical composition of KMn 8 O 16 . 44, 45 No other manganese oxide forms were detected. No XRD features associated with Pt were observed, consistent with a high metal dispersion. However, Pt incorporation led to a decrease of the intensity of the diffraction lines of the OMS-2 phase, as compared to the Pt free support (Fig. SI11 †) . The XRD also conrmed that no signicant changes in the structure of the support had occurred on deposition of the ILs. Similar observations were found for the carbon and silica based catalysts ( Fig. 2 and 3) .
The oxidation of the thiols was conducted using the SCILL catalysts, the catalyst without IL modication, and in the pure IL. In the latter, although some This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
oxidation of thiols occurred, the conversions were found to be below 4% which is consistent with the background reaction in the absence of a radical initiator.
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Spontaneously, this reaction occurs at a very slow rate, whenever any thiol is exposed to atmospheric oxygen.
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The selectivity towards the corresponding disuldes was, however, higher than 99%, conrming the fact that under these conditions the oxidation is mild compared with the use of more aggressive conditions. For example, using hydrogen peroxide, thiols (RSH) are oxidized to sulfonic acid (RSO 3 H) via sulfenic acid (RSOH) and sulnic acid (RSO 2 H).
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It should be noted that the selectivity was found to be quantitative to the disulde for all the reactions investigated in this study, irrespective of the system used.
The catalytic activity for the oxidation of both 1-butanethiol and thiophenol was examined and the results are shown in Fig. 4 and 5, respectively, and summarized in Table 2 . For 1-butanethiol the conversion varied in the following order: 5% Pt/OMS-2 > 5% Pt/SiO 2 > 5% Ru/C > 5% Ru/SiO 2 (Fig. 4) . 5% Pt/OMS-2 exhibited the highest catalytic activity, which may be associated with the increased basicity as a result of a synergistic effect of potassium associated to octahedral MnO 6 and platinum. To date, manganese is one of the most used cations for the catalysts utilized in the Merox process, 49 while K cation intermediates are observed in the production of disuldes via the formation of potassium mercaptide. Platinum also plays a clear role that is highlighted by the This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
difference in the activity between 5% Pt/OMS-2 (99%) and OMS-2 (90%) aer 1 h (Fig. 4a) . Aer 5 h reaction time the conversion was 95% for OMS-2 and 99% for 5% Pt/OMS-2. The total available total surface oxygen atoms is of the order of 2.4 Â 10 22 atoms, while the number of reactant molecules present was $6.0 Â 10 22 .
Since not all the surface oxygen is likely to be active and for every 2 thiol molecules 1 oxygen atom is required, the process is likely to occur via a Mars van Krevelen process since a Wolkenstein mechanism will generate a total oxidation that has not been observed. This mechanism is in accordance with that proposed by Suib et al. 29 and was conrmed by additional experiments carried out in nitrogen. Under the inert atmosphere the conversion on 5% Pt/OMS-2 catalyst was 17% aer 5 h.
It is clear from Fig. 4 and Table 1 that, compared to reactions carried out with the pure supported metal catalysts, the SCILL catalysts resulted in slightly lower conversions aer 5 h, in general. This effect is small, and may be associated with a slightly slower diffusion of the substrate or the oxygen through the IL layer and thus a reduction in the surface concentration. It is interesting to note that the conversions do not reach 100% in many of the cases for 1-butanethiol, which is thought to be indicative of product poisoning of the catalyst surface.
In order to estimate the pore diffusion inuence upon the reaction rate, the Weisz-Prater criterion 50 has been calculated for all the OMS-2-based catalysts used using eqn (1): This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
where R is the reaction rate, r p is the catalyst particle density in g cm À3 , R p is the catalyst particle radius, C S is the reactant concentration at the particle surface, and D eff is the effective diffusivity, calculated according to ref. 51 . Table 1 summarises the calculated values which are of the order of 10 À6 . These are ve orders smaller than the limit of 0.3, indicating the absence of the pore diffusion limitation. Importantly neither the size nor structure of the IL used has any signicant inuence on this effect. The activity in the presence of 100% oxygen is far superior to air ( Table 2 ). The activity of SCILL based on 5% Pt/OMS-2 and 5% Pt/SiO 2 is >99% for all the ILs tested aer 5 h using O 2 as the oxidant. In comparison, lower conversions were obtained using air.
This is due to the lower partial pressure of O 2 in the feed and, therefore, the reduced surface concentration. In addition, the competition between nitrogen and oxygen through ionic liquids is another controlling factor. This has been shown by changing the balance gas from nitrogen to argon. A small but signi-cant increase in the conversion (95%) of 1-butanethiol using 5% Pt/OMS- . 52 This may correspond to more inert gas in the ionic liquid in the case of nitrogen than in the case of argon. As a direct consequence the concentration of oxygen in the reaction conditions is higher when it is mixed with argon. Also, the oxygen solubility in ionic liquids is higher compared to molecular solvents. 52 Previous reports on the oxidation of n-dodecyl amine in the presence of SILP catalysis, with [Bmim]Cl as the ionic liquid, indicated that a decrease in the nitrogen content corresponded to a signicant increase in the conversion with no effect on the selectivity. 53 Previously, a positive effect of CO 2 in terms of the increase of the solubility of oxygen (from air) in ionic liquid has been reported. 52 However, under our experimental conditions the concentration of CO 2 was very low and no such effect has been evidenced.
For the reaction with suldes the stability of the noble metal against sulfur poisoning is also very important. The data presented in this study indicated better performance for Pt compared to Ru, in agreement with previous reports.
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Changing the aliphatic substrate with a thiophenol led, aer 5 h, using 5% Pt/ OMS-2-SCILL (Fig. 5a) , to comparable conversions as for 1-butanethiol. Again, OMS-2 behaved as the best support in this reaction. The 5% Pt/SiO 2 catalyst showed a lower activity (Fig. 5b) in the oxidative coupling of thiophenol This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
irrespective of the reaction conditions, i.e. in the presence or absence of ILs. As was found for 1-butanethiol, the structure of the IL in the investigated series exhibits almost no inuence.
Stability and catalyst recycling
In all cases, aer S-S coupling, the catalyst could be easily separated by simple ltration and reused. Induced coupled plasma analysis conrmed that no metal was present in the ltrate (for SCILL and fresh solids), showing no signicant leaching of the metal from the catalysts. No signicant structural changes were This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
observed in the XRD patterns of the 5% Pt/OMS-2 fresh and spent catalysts (Fig. SI12 †) . However, a continuous decay in the activity has been measured. The decrease, presented in Table 3 , is attributed to the blockage of the active sites by sulfur.
The nature of the thiol inuences this process. 1-Butanethiol led to a faster deactivation of unmodied 5% Pt/OMS-2 than thiophenol. In contrast, in the presence of the IL, the catalyst retained signicantly more activity on recycling. In addition, the recyclability using the aromatic and aliphatic thiols was similar in the presence of the IL. This is likely to be associated with the IL reducing the adsorption strength of the disulde or thiol, which allows the sites to be free for the oxidation.
As mentioned above the nature of the catalyst is also responsible for the deactivation. The presence of potassium in the catalyst may generate potassium mercaptides that reduce the interaction with the noble metals. However, it is noticeable that the SCILL catalyst delays these complexation processes and, as a consequence, preserves the catalytic activity on cycling. On this basis we may speculate that the ionic solvent may better extract sulfur species from the catalyst surface. Differences between Ru and Pt can be assigned to the strength of the Ru-S and Pt-S bond energies. The strong adsorption in the case of Ru led to a faster deactivation, and as a consequence lower conversions. Ionic liquids also ensure an increased solubility of the aromatic thiols compared to the aliphatic thiols due to the interaction of the aromatic ring with the cation of the ionic liquids thus increasing the effectiveness of the catalyst for aromatic disulde formation.
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The support inuences the solid recycling. Thus, for the oxidation of 1-butanethiol, SCILL deactivation is less signicant for Pt/SiO 2 with a decrease of the conversion of 20% from the initial value compared with 33% for the Pt/OMS-2 catalyst. This is in agreement with the fact that the reaction is not limited for the SiO 2 catalyst compared with the OMS-2 system and may reect the weaker binding of the disulphide, for example.
Conclusions
The investigated SCILL catalysts were easily prepared by depositing various ionic liquids (1-butyl-3-methylimidazolium bis(triuoromethylsulfonyl)imide, 1-ethyl-3-methylimidazolium bis(triuoromethylsulfonyl)imide, 1-butyl-1-methylpyrrolidinium bis(triuoromethylsulfonyl)imide) onto the prepared catalyst materials. The activity of the SCILL catalysts in the oxidation of the investigated thiols varied as follows: 5% Pt-OMS-2 > 5% Pt/SiO 2 > 5% Ru/C > 5% Ru/SiO 2 . Although a small decrease in activity was observed on using the SCILL based catalysts compared with the ionic liquid-free systems, the latter showed a decreased stability for both aliphatic and aromatic thiols. This was attributed to the ability of the ionic liquid to weaken the adsorption strength of the sulfur species on the metal and decrease the issue of reactant/product poisoning.
